The human ZC3H14 gene encodes an evolutionarily conserved Cys 3 His zinc finger protein that binds specifically to polyadenosine RNA and is thus postulated to modulate post-transcriptional gene expression. Expressed sequence tag data predicts multiple splice variants of both human and mouse ZC3H14. Analysis of ZC3H14 expression in both human cell lines and mouse tissues confirms the presence of multiple alternatively spliced transcripts. Although all of these transcripts encode protein isoforms that contain the conserved C-terminal zinc finger domain, suggesting that they could all bind to polyadenosine RNA, they differ in other functionally important domains. Most of the alternative transcripts encode closely related proteins (termed isoform 1, 2, 3, and 3short) that differ primarily in the inclusion of three small exons, 9, 10, and 11, resulting in predicted protein isoforms ranging from 82 to 64 kDa. Each of these closely related isoforms contains predicted classical nuclear localization signals (cNLS) within exons 7 and 11. Consistent with the presence of these putative nuclear targeting signals, these ZC3H14 isoforms are all localized to the nucleus. In contrast, an additional transcript encodes a smaller protein (34 kDa) with an alternative first exon (isoform 4). Consistent with the absence of the predicted cNLS motifs located in exons 7 and 11, ZC3H14 isoform 4 is localized to the cytoplasm. Both EST data and experimental data suggest that this variant is enriched in testes and brain. Using an antibody that detects endogenous ZC3H14 isoforms 1-3 reveals localization of these isoforms to nuclear speckles. These speckles co-localize with the splicing factor, SC35, suggesting a role for nuclear ZC3H14 in mRNA processing. Taken together, these results demonstrate that multiple transcripts encoding several ZC3H14 isoforms exist in vivo. Both nuclear and cytoplasmic ZC3H14 isoforms could have distinct effects on gene expression mediated by the common Cys 3 His zinc finger polyadenosine RNA binding domain.
Introduction
The function and fate of cells is dictated by the genes that are expressed at any given time. Thus control of gene expression is critical to cellular function and identity. Although transcriptional control is a key point for regulation of gene expression, there is an increasing appreciation of how extensively gene expression is modulated by post-transcriptional mechanisms including mRNA processing, export, stability, and translation (Moore, 2005) . A large number of RNA binding proteins and associated factors contribute to these posttranscriptional regulatory mechanisms (Mangus et al., 2003; Moore, 2005; Lunde et al., 2007) .
One family of proteins that are key post-transcriptional regulators of gene expression is composed of the poly(A) binding proteins (Pabs) that associate with the poly(A) tail of mRNA transcripts (Mangus et al., 2003) . Functional studies in a wide variety of organisms ranging from yeast to humans have demonstrated that members of this evolutionarily conserved protein family (Mangus et al., 2003; Gorgoni and Gray, 2004; Kuhn and Wahle, 2004 ) directly contact the poly(A) tail of mRNA transcripts to regulate transcript polyadenylation (Amrani et al., 1997; Kerwitz et al., 2003) , translation (Sachs and Davis, 1989; Tarun and Sachs, 1996; Gallie, 1998; Kahvejian et al., 2005) , stability (Caponigro and Parker, 1995; Caponigro and Parker, 1996) , and possibly nuclear export (Brune et al., 2005; Dunn et al., 2005) .
All conventional Pab family members specifically bind to poly(A) RNA via at least one RNA Recognition Motif (RRM) (Adam et al., 1986; Sachs et al., 1987) . However, recent work reveals that evolutionarily conserved Cys 3 His zinc finger proteins can also mediate specific binding to polyadenosine RNA increasing the number of Pabs defined in eukaryotic cells. These zinc finger proteins are represented by the abundant nuclear poly(A) binding (Nab2) protein in budding yeast and the human Cys 3 His Zinc Finger Protein #14 (ZC3H14). Functional studies of Nab2 have revealed that this essential protein is required both for control of poly(A) tail length in the nucleus and proper mRNA export (Anderson et al., 1993; Green et al., 2002; Hector et al., 2002) . In contrast, there has been a single in vitro study that characterized the RNA binding properties of ZC3H14 . We have previously demonstrated that a ZC3H14-GFP fusion protein is localized to the nucleus and that the zinc finger domain of ZC3H14 binds specifically to polyadenosine RNA in vitro . One additional study reported that ZC3H14, which was termed NY-Ren-37, was one of a number of antigens that were present at high levels in clear cell renal carcinoma as compared to normal tissues (Scanlan et al., 1999) , but this was a large scale analysis and no follow-up on NY-Ren-37/ZC3H14 has been reported. Thus, preliminary studies suggest that, like Nab2 in budding yeast, ZC3H14 may contribute to control of gene expression in human cells through binding poly(A) RNA.
Examination of the NCBI database suggests that ZC3H14 is subject to alternative splicing to create multiple protein isoforms. Here we confirm the existence of multiple splice variants of ZC3H14 that encode distinct protein isoforms in both human cell lines and mouse tissues. We provide evidence for both nuclear and cytoplasmic isoforms of ZC3H14. Importantly, an antibody that recognizes the nuclear isoforms of ZC3H14 reveals that these isoforms are concentrated within nuclear speckles that co-localize with the splicing factor, SC35. Thus, results of this study provide the first characterization of ZC3H14 expression and identify both nuclear isoforms of ZC3H14 implicated in mRNA processing and, rather surprisingly, a cytoplasmic isoform of ZC3H14 that has the potential to modulate gene expression in the cytoplasm.
Materials and Methods

Cell culture and transfection
HEK293 and HeLa cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS. DNA plasmids were transfected into cultured cells using Lipofectamine2000 (Invitrogen) according to manufacturer's protocol.
Plasmid constructs
GFP fusion plasmids were generated by amplifying the ZC3H14 coding region (ATCC image clone 4298961 for ZC3H14 isoform 1 and image clone 4828241BS for ZC3H14 isoform 4) and subcloning into pEGFP-N1 (Clontech) to create a GFP fusion at the C-terminus of each protein isoform. FLAG fusion constructs were generated using PCR primers that included the FLAG sequence, creating N-terminally FLAG tagged protein isoforms. PCR products were then subcloned into the pcDNA3.1 vector (Invitrogen).
Phylogenetic analysis
psiBLAST searches were performed to identify amino acid sequences similar to the Nab2 protein across eukaryotic species. The putative homologous proteins resulting from the BLAST search were aligned with the S. cerevisiae sequence of Nab2 by using ClustalW (Thompson et al., 1994; Larkin et al., 2007) and corrections made by eye. The gap stripped alignment was 108 amino acids long. The program employed to perform phylogenetic inference was Mr. Bayes (Huelsenbeck and Ronquist, 2001) . For the phylogenetic inference, we estimated from the data the amino acid frequencies necessary for estimating the rate of change and we took into account the heterogeneity of substitution rates across sites in the sequence (Huelsenbeck and Ronquist, 2001) . In order to provide the support for the different clades of the inferred topology, we estimated the posterior probabilities supporting each node. Only nodes with support larger than 70% (posterior probability larger than 0.7) are shown. The sequences used in the analysis and their GenBank accession numbers are shown in Table I .
ZC3H14 homology modeling
Homology models of ZC3H14 were constructed using Swiss-Model [version 8.05; (Arnold et al., 2006) ] starting with the known S. cerevisiae Nab2 crystal structure [PDB entry 2V75; (Grant et al., 2008) ]. ClustalW sequence alignments (Chenna et al., 2003) between Nab2 and ZC3H14 were manually adjusted to account for correct alignment of Leu 18 ( Figure 1D ) due to their conserved functional importance (Nykamp, 2003) . The model was energy minimized in CNS 1.2 to remove any steric strain introduced during modeling (Brunger et al., 1998; Brunger, 2007) . This model was visualized and protein backbone torsion angles (phi and psi) were verified in Coot (Emsley and Cowtan, 2004) .
RT-PCR
Total RNA was isolated from HEK293 cells or from male BALB/c mice tissues using TRIzol reagent (Invitrogen) as previously described (O'Connor et al., 2007) . Briefly, the Expand High Fidelity PCR system (Roche) was used to amplify each of the ZC3H14 splice variants (see Figure 2A ). The reverse transcriptase reaction was performed using 2.5 μg of total RNA in a 20 μl reaction and 1 μl of the resulting cDNA was used in the subsequent amplification step along with 2.5 μM of each primer. ZC3H14 primers were designed from GenBank accession number (NM_024824.3, NM_207660.2, NM_207661.2, NM_207662.2) to detect splice variants 1, 2, 3, and 4. To eliminate the possibility of genomic DNA contamination, ZC3H14 primers spanned exon-exon boundaries (see Figure 2A ). Amplification consisted of 30 cycles (for isoforms 1, 2, and 3 as well as isoform 4 from HEK cells) or 60 cycles (for isoform 4 in mouse tissue) of 95°C for 30 s, 53°C for 30 s, 72°C for 30 s, and a final amplification step at 72°C for 5 min. As an internal control, either 18S cDNA was amplified with QuantumRNA 18S primers (Ambion) or GAPDH was amplified with primers that span exons 1 and 2. PCR products were resolved on a 1.5% agarose gel and visualized by ethidium bromide staining.
Generation of ZC3H14 polyclonal antibody
A DNA fragment encoding an N-terminal fragment of ZC3H14 was cloned into pGEX-4T to create an N-terminal GST-tagged fusion protein encoding the first 97 amino acids of isoform 1 (Amersham Biosciences). The GST fusion protein was purified by affinity chromatography on glutathione-Sepharose as previously described (Apponi et al., 2007) . Cell lysate preparation and purification of recombinant proteins were performed as recommended by the resin manufacturer (Amersham Biosciences). The purified GST-ZC3H14 N-terminal domain (GST-ZC3H14 NT) was used for the immunization of rabbits to obtain polyclonal antibodies.
Microscopy
Cells were visualized by either direct fluorescence microscopy for GFP or indirect immunofluorescence microscopy. Prior to both direct fluorescence and indirect immunofluorescence, cells were fixed with 2% formaldehyde (EM Science) for 10 min, permeabilized with 0.1%Triton X-100 for 5 min, and incubated with Hoechst to mark nuclear DNA. The same protocol was employed to fix cells that had been treated with actinomycinD (5 μg/ml; Sigma). To localize endogenous ZC3H14 or SC35 by immunofluorescence, cells were probed with rabbit anti-ZC3H14 (1:5000) or mouse anti-SC35 (1:1000; BD Pharmigen) antibodies followed by staining with Texas Red or Fluorescein-conjugated secondary antibody (Jackson ImmunoResearch). Images were obtained using an Olympus IX81 microscope with a 0.3 NA 100X Zeiss Plan-Neofluor objective unless otherwise stated. Images were captured using a Hamamatsu digital camera with Slidebook software (version 1.63) and globally processed for brightness and contrast using Adobe Photoshop.
Immunoblotting
HeLa cells were harvested and washed in 1X PBS and then lysed on ice in RIPA-2 buffer (150 mM NaCl, 1% NP40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0) containing protease inhibitors (PLAC: 3 μg/ml of pepstatin, leupeptin, aprotinin, and chymostatin and 0.5 mM PMSF). Immunoblots were performed using standard methods (Towbin et al., 1979) . Briefly, 20 μg of total protein lysate per sample was resolved by SDS-PAGE and transferred onto a nitrocellulose membrane. For immunoblotting, a 1:10 000 dilution of rabbit anti-ZC3H14 antibody was used followed by a 1:4000 dilution of HRP-conjugated donkey anti-rabbit IgG secondary (Jackson ImmunoResearch).
Results
ZC3H14 is a member of an evolutionarily conserved family of zinc finger polyadenosine RNA binding proteins
Previous work identified the S. cerevisiae Nab2 protein as the founding member of a novel Cys 3 His zinc finger polyadenosine RNA binding protein family . In order to assess the evolutionary relationship between Nab2 and putative Nab2 orthologues in higher eukaryotes, we used similarity searches to identify sequences that were potentially homologous to Nab2 (see Material and Methods). As shown in Figure 1A , putative orthologues of Nab2 including the human protein, ZC3H14, can be identified in all species examined. The topology obtained with this protein family is roughly consistent with the current relationship of these organisms (Kumar and Rzhetsky, 1996; Odronitz and Kollmar, 2007) and the high support inferred for the clades leads us to conclude that the observed similarity is the product of common ancestry rather than convergent evolution.
Comparison of the overall sequence similarity of the Nab2 protein with human ZC3H14 reveals a high level of similarity between the N-terminal and C-terminal domains of the two proteins with less conserved central domains ( Figure 1B) . The similarity in the N-and C-terminal domains is consistent with functional studies of Nab2 which reveal that the C-terminal zinc finger domain of Nab2 mediates RNA binding and the N-terminal domain assumes a proline-tryptophan-isoleucine (PWI) fold required to target Nab2 to the nuclear pore for export (Marfatia et al, 2004; Grant et al, 2008; Fasken et al, 2008) . Thus, these domains which appear conserved mediate the critically important functions of the Nab2 protein.
Both Nab2 and ZC3H14 contain Cys 3 His (CCCH) zinc fingers with the spacing CX 5 CX 4-6 CX 3 H ( Figure 1C) . A BLAST search using this CCCH spacing motif revealed only a single zinc finger protein with spacing similar to Nab2 in the proteome of each species queried corresponding to those proteins depicted in the evolutionary tree shown in Figure 1A . While the Nab2 protein contains seven tandem Cys 3 His zinc fingers, the human protein and many other higher eukaryotic family members (not shown) contain only five tandem zinc fingers. Recent studies, however, reveal that the final three zinc fingers of the Nab2 protein are both necessary and sufficient for specific binding to polyadenosine RNA (Kelly et al., 2009 ). Thus, the five tandem zinc fingers found in higher eukaryotic members of this family should be more than sufficient to confer specific recognition of polyadenosine RNA. In fact, a previous in vitro study showed that recombinant ZC3H14 binds specifically to a polyadenosine RNA oligonucleotide .
As mentioned above, the N-terminal domain of the yeast Nab2 protein is also functionally important. In fact, a deletion mutant of Nab2 where the N-terminal 97 amino acids are removed is only minimally functional and yeast cells that express this variant of Nab2 (Nab2-1/ Nab2ΔN) as the sole copy of the essential Nab2 protein show defects in poly(A) RNA processing and export (Chekanova et al., 2001; Green et al., 2002) . To assess the conservation of this domain between Nab2 and ZC3H14, we first aligned these domains ( Figure 1D ) and then determined whether the N-terminal domain of ZC3H14 could be modeled into the PWIlike fold that the N-terminal domain of Nab2 assumes (Grant et al., 2008) . Figure 1E shows an overlay of the resolved structure of the N-terminal domain of yeast Nab2 (blue) with a model of the N-terminal domain of ZC3H14 (green). The Nab2 N-terminal domain assumes a five α-helical bundle ( Figure 1E ; labeled H1-5) with its N-and C-terminal helices juxtaposed (H1 and H5, respectively) (Grant et al., 2008) . ZC3H14 could also be modeled as a five-helix bundle with one slight difference. The shortening of the loop between helix 1 and 2 by two amino acids possibly shortens helix 2 (labeled H2). Taken together, the phylogeny analysis, sequence comparison, and modeling reveal that ZC3H14 shares functionally important domains with Nab2 suggesting that ZC3H14, like Nab2, could play a role in the production of mature mRNA.
There are multiple isoforms of ZC3H14 in higher eukaryotes
Although there is a single transcript that encodes Nab2 in S. cerevisiae, where splicing is quite rare, genomic databases (NCBI, UCSC Genome Browser, ENSEMBL) predict multiple splice variants for ZC3H14 both in human (Figure 2A ) and mouse. Most of the transcripts predicted contain the same translational start with differential inclusion of several central exons (exons 10, 11, 12) in the middle of the transcript (isoforms 1, 2, 3) that yield protein isoforms that all contain the evolutionarily conserved N-terminal PWI and C-terminal zinc finger domains. There is also evidence for a transcript corresponding to isoform 3 but containing an alternative translation start that encodes a slightly smaller isoform (isoform 3short). A fourth shorter splice variant is predicted by ESTs derived specifically from testes and brain (isoform 4). The protein isoform encoded by this splice variant would lack the conserved N-terminal PWI domain but retain an intact C-terminal zinc finger domain.
To confirm the existence of the alternatively spliced transcripts of ZC3H14, we first performed RT-PCR on RNA isolated from HEK293 cells using internal primers that can distinguish each of the splice variants (arrow heads, Figure 2A) . Using a primer set specific for exon 9 and exon 14, which flank the predicted variant exons, we detected three PCR products that correspond to the predicted size of fragments derived from transcripts encoding ZC3H14 isoforms 1, 2, and 3/3short ( Figure 2B ). We also confirmed the presence of the transcript coding for ZC3H14 isoform 4 in HEK293 cells by using a primer within the predicted alternative first exon paired with a reverse primer located in exon 10 ( Figure 2B ). All reported ESTs corresponding to the isoform 4 transcript are derived from testes and brain. HEK293 cells possess some neuronal markers (Shaw et al., 2002) which could explain why this potentially tissue-specific transcript could be detected in these cells. Alternatively, the isoform 4 transcript may be present in other tissues, perhaps at lower abundance.
Multiple ZC3H14 transcripts can be detected in mouse tissues
To investigate the in vivo expression of the different splice variants of ZC3H14, we detected ZC3H14 transcripts in mouse tissues by RT-PCR. We isolated RNA from mouse kidney, liver, muscle, heart, brain and testes and performed RT-PCR on each RNA sample as described in Materials and Methods ( Figure 2C ). Using mouse primer sets similar to those described for human ZC3H14 transcripts, we identified multiple RT-PCR products corresponding to multiple transcripts. RT-PCR using mouse primers 1 and 2 confirmed at least two transcripts in mouse tissues, corresponding to ZC3H14 splice variants 1 and 2 ( Figure 2C ). Interestingly, we could also identify a transcript encoding a short mouse isoform corresponding to human ZC3H14 isoform 4 in the various tissue samples ( Figure 2C ). Consistent with the fact that most human isoform 4 ESTs are derived from testes, we found that the mouse splice variant corresponding to human isoform 4 could be detected with the fewest PCR amplification cycles in testes samples as compared to other tissues examined suggesting that this splice variant is most abundant in testes.
ZC3H14 isoforms localize both to the nucleus and the cytoplasm
Unlike S. cerevisiae Nab2, human ZC3H14 does not contain an arginine-glycine-glycine (RGG) domain, which mediates nuclear import of Nab2 (Aitchison et al., 1996) ; however, based on the predicted protein sequence, ZC3H14 isoforms 1, 2, and 3 all contain two putative classical nuclear localization signals (cNLS) in exon 7 and 11, that could target ZC3H14 into the nucleus. The first 9 exons are absent from the shortest splice variant encoding ZC3H14 isoform 4 and are replaced by an alternative first exon derived from the large intron between exons 8 and 9 (Figure 2A, isoform 4) . Thus, exons 7 and 11 are both absent from ZC3H14 isoform 4 and this isoform lacks the predicted cNLS motifs (Figure 2A ), possibly creating a differential cellular localization of ZC3H14 isoform 4 as compared to isoforms 1-3.
As an initial approach to examine the intracellular localization of distinct ZC3H14 isoforms, we fused the coding region of ZC3H14 isoform 1 and isoform 4 to the green fluorescent protein (GFP) as described in Material and Methods. We transfected each fusion construct into HeLa cells to examine the expression and steady-state localization of these fusion proteins. Probing immunoblots with an anti-GFP antibody revealed bands corresponding to the predicted size for each fusion protein ( Figure 3A) . We then examined the localization of the expressed GFPtagged proteins using direct fluorescence microscopy. Similar to the Nab2 protein in S. cerevisiae, ZC3H14 isoform 1 is concentrated in the nucleus ( Figure 3B ). This localization is consistent with the presence of the predicted cNLS motifs within exons 7 and 11. Interestingly, as suggested by the lack of predicted cNLS motifs, the ZC3H14 isoform 4-GFP fusion protein is localized to the cytoplasm ( Figure 3B ).
Multiple endogenous ZC3H14 proteins are detected in cultured cells
To examine the localization of endogenous ZC3H14, we generated a polyclonal rabbit antibody directed against an N-terminal domain of ZC3H14, common to isoforms 1, 2, and 3 (see Figure  2A) . To confirm that the antibody indeed recognizes ZC3H14, we probed lysates from HeLa cells expressing plasmid-encoded ZC3H14 isoform 1-GFP. The ZC3H14 antibody detects bands corresponding to the predicted size of endogenous ZC3H14 isoforms and, importantly, also recognizes a higher band corresponding to the predicted size of the ZC3H14 isoform 1-GFP fusion protein ( Figure 4A ). Immunoblotting with an anti-GFP antibody confirms that the highest band corresponds to ZC3H14 isoform 1-GFP. The ZC3H14 antibody recognizes two bands in lysate from untransfected HeLa cells. The higher band corresponds to the predicted size for ZC3H14 isoform 1. The lower band corresponds to the predicted size for ZC3H14 isoform 2 and/or isoform 3 of ZC3H14. As the difference in size between isoforms 2 and 3 is only two Daltons, we cannot presently confirm whether the lower band we detect is a combination of both isoforms 2 and 3 or whether it represents one or the other of the two isoforms.
Endogenous nuclear ZC3H14 isoforms localize to nuclear speckles
To examine the endogenous localization of ZC3H14 isoforms 1 and 2/3, we performed indirect immunofluorescence on HeLa cells with the ZC3H14 antibody. Results of this analysis indicate that nuclear ZC3H14 localizes to distinct nuclear bodies ( Figure 4B ). Based on the function of Nab2 in mRNA processing, we hypothesized that these foci could correspond to mRNA processing bodies called nuclear speckles (Lamond and Spector, 2003) . To test this hypothesis, we colocalized the ZC3H14 foci with the nuclear speckle marker SC35 ( Figure 4C ). The majority of the ZC3H14 foci overlap with SC35 as demonstrated by the yellow in the merge image ( Figure 4C , merge).
To further examine ZC3H14 speckle localization, we treated HeLa cells with the transcription inhibitor actinomycinD. Nuclear speckles are altered in number and size in the presence of this inhibitor (Spector et al., 1983) . Following a four hour treatment with actinomycinD, we examined the morphology of nuclear speckles (SC35) and the localization of nuclear ZC3H14 proteins ( Figure 4C ). We found the size and number of ZC3H14 foci altered in a similar fashion to nuclear speckles (SC35), suggesting that ZC3H14 localization to nuclear speckles, like that of other speckle components, is dependent on ongoing transcription.
Discussion
This study presents the first characterization of the human ZC3H14 gene which encodes a tandem Cys 3 His zinc finger protein with homology to the S. cerevisiae mRNA processing/ export factor Nab2. We confirm that multiple splice variants of ZC3H14 encode distinct protein isoforms. Ubiquitously expressed nuclear ZC3H14 isoforms that are closely related to Nab2 localize to speckles within the nucleus suggesting a role in mRNA processing while a distinct isoform containing an alternative N-terminal domain is located in the cytoplasm. All isoforms characterized contain the C-terminal Cys 3 His zinc finger domain which has been defined as a novel polyadenosine RNA binding domain strongly suggesting that all isoforms could bind to and potentially regulate polyadenylated RNA transcripts.
ZC3H14 isoforms 1, 2, and 3 all contain an N-terminal sequence that has similarity to the Nterminal PWI-like domain of S. cerevisiae Nab2 (see Figure 1D and 1E). The N-terminal domain of Nab2 contributes to proper export of poly(A) RNA from the nucleus by targeting Nab2 to the nuclear pore complex via an interaction with nuclear pore associated Mlp proteins (Green et al., 2003; Fasken et al., 2008) . One possibility is that the predicted PWI-like domain within isoforms 1, 2, and 3 of ZC3H14 could mediate interactions with Tpr, the human orthologue of the yeast Mlp proteins (Strambio-de-Castillia et al., 1999) . In contrast to the evolutionarily conserved N-terminal domain of ZC3H14 isoforms 1, 2, and 3, the N-terminal domain of ZC3H14 isoform 4 does not contain a predicted PWI-like fold. Instead modeling of this domain suggests an extended alpha helix typically involved in protein/protein interactions (Phyre Protein Fold Recognition Server; http://www.sbg.bio.ic.ac.uk/∼phyre/). Further studies will be required to determine whether specific partners interact with the distinct N-terminal domains of the ZC3H14 isoforms.
Future studies will also examine functional interactions mediated by the Cys 3 His zinc finger domain of ZC3H14. A single in vitro binding study indicates that ZC3H14 isoform 1 binds to polyadenosine RNA ; however, this analysis carried out with a single protein isoform may not reflect the spectrum of RNA targets for various ZC3H14 isoforms in vivo. Furthermore, the zinc finger domain of S. cerevisiae Nab2 has also been implicated in interactions with an evolutionarily conserved mRNA binding protein, Pub1 (Apponi et al., 2007) , which regulates mRNA stability (Vasudevan and Peltz, 2001) . The function of Pub1 in yeast has been equated to the ubiquitous member of the Hu family of mRNA binding proteins, HuR, in higher eukaryotes (Hinman and Lou, 2008) . Thus, ZC3H14 could interact with HuR to modulate mRNA stability.
In the studies presented here, we examined the steady-state localization of ZC3H14 isoforms. Consistent with the presence of predicted cNLS motifs, isoforms 1, 2, and 3 were found in intranuclear speckles. In contrast, ZC3H14 isoform 4, which lacks these predicted cNLS motifs, is localized to the cytoplasm and apparently excluded from the nucleus. However, since our studies examined only the steady-state localization of these protein isoforms, we can not rule out the possibility that both nuclear and cytoplasmic isoforms shuttle between the nucleus and cytoplasm as demonstrated for numerous other RNA binding proteins (Gama-Carvalho and Carmo-Fonseca, 2001 ).
The current study does not directly address the function of the ZC3H14 protein. The identification of multiple splice variants and the corresponding protein isoforms reveals the complexity of analyzing the cellular function/functions of ZC3H14. Clearly, the similarity to the S. cerevisiae Nab2 protein along with the localization of ZC3H14 isoforms 1, 2, and 3 to nuclear speckles strongly suggests that these isoforms play a role in mRNA biogenesis. Many potential functions for the cytoplasmic ZC3H14 isoform 4 can be postulated. As this isoform is enriched in both brain and testes, tissue-specific roles in mRNA transport, mRNA translation, and mRNA stability are all possible. In the future, specific knockdown of the distinct ZC3H14 isoforms will be required to delineate their functions in vivo.
Results of this analysis provide insight into the complexity of human ZC3H14. This tandem Cys 3 His zinc finger protein has the potential to play multiple roles in mRNA metabolism with both ubiquitous and tissue-specific functions. In addition, the protein may modulate mRNA processing and function both in the nucleus and in the cytoplasm. A major goal for the future will be to understand the interplay between ZC3H14 and the conventional nuclear and cytoplasmic poly(A) binding proteins. Although the data presented here focuses on a single Cys 3 His zinc finger gene which generates multiple protein isoforms, a recent genome-wide survey compiled the Cys 3 His zinc finger domain-containing proteins found in mice and revealed that this family consists of 58 members in mice and 55 in humans (Liang et al., 2008) . Many of these proteins have not yet been characterized and thus their functions are largely unknown (Liang et al., 2008) ; however, a subset either bind RNA or are predicted to bind RNA. Thus, the Cys 3 His zinc finger family of proteins is likely to represent a large family of RNA regulatory factors that will each need to be studied in detail to understand their contributions to cell function and possibly regulation of gene expression.
PWI domain
proline isoleucine tryptophan domain Table I . B. The similarity in the arrangement of the domains within S. cerevisiae Nab2 and human ZC3H14 is illustrated. Both proteins contain N-terminal domains that assume (S. cerevisiae) or are predicted to assume (human) a proline-tryptophan-isoleucine (PWI-fold) followed by a glutamine-rich domain (QQQP) a nuclear targeting signal (RGG or cNLS) and finally tandem Cys 3 His (CCCH) zinc finger motifs. Human ZC3H14 has five Cys 3 His (CCCH) zinc fingers while Nab2 has seven. C. Alignment of the individual C-terminal zinc finger A. The diagram depicts exons predicted for the ZC3H14 splice variants encoding ZC3H14 isoform 1 (Iso1), isoform 2 (Iso2), isoform 3 (Iso3), and isoform 4 (Iso4). The sequences and approximate positions of predicted classical NLS motifs (cNLSs) are indicated at the top of the diagram. The location of the antibody epitope used to generate the polyclonal ZC3H14 antibody is also indicated as is the approximate location of the tandem Cys 3 His zinc finger domain (CCCH). Positions of primer pairs (1 and 2, 3 and 4) used to detect the splice variants are indicated at the bottom of the diagram. B. RT-PCR reactions (30 cycles) were performed on RNA isolated from HEK293 cells as described in Materials and Methods. Transcripts corresponding to ZC3H14 isoforms 1, 2, and 3 (Iso1, Iso2, Iso3) were detected using primer pair 1 and 2. Primer pair 3 and 4 was used to amplify the transcript corresponding to ZC3H14 isoform 4 (Iso4). Positions of the products corresponding to each splice variant are indicated. An additional band identified in the testes sample is indicated by the asterisk. This band likely reflects a ZC3H14 splice variant with additional alternative splicing of exons 10, 11, and 12. C. RT-PCR reactions were performed on RNA isolated from the mouse tissues indicated (kidney, liver, muscle, heart, brain, and testes). Isoform 1, 2 and 3 transcripts (Iso1, Iso2, Iso3) were detected using mouse primer pair 1 and 2 (see Figure 2A ) with 30 cycles of amplification while the isoform 4 transcript (Iso4) was detected using mouse primer pair 3 and 4 with 60 cycles of amplification. The GAPDH transcript was amplified as a control for each tissue sample. Plasmids encoding either ZC3H14 isoform 1-GFP or isoform 4-GFP were transiently transfected into HeLa cells. A. GFP fusion proteins were detected by immunoblotting cell lysates with anti-GFP antibody (Seedorf et al., 1999) . B. Transfected HeLa cells were fixed and the localization of GFP fusion proteins was examined by directed GFP fluorescence microscopy (GFP) (green). Hoechst dye (blue) was used to stain DNA and indicate the position of the nucleus. A merged image is also shown. 
RT-PCR
A.
Lysates from HeLa cells expressing either GFP or ZC3H14 isoform 1-GFP (Iso1-GFP) fusion protein were probed with polyclonal anti-ZC3H14 (α-ZC3H14) or anti-GFP (α-GFP) antibody. B. The localization of endogenous ZC3H14 (isoforms 1-3) in HeLa cells was determined by indirect immunofluorescence using the polyclonal anti-ZC3H14 antibody. Hoechst dye was used to stain DNA and indicate the position of the nucleus. The merge reveals that endogenous ZC3H14 (isoforms 1-3) is located in foci within the nucleus. A corresponding Phase image is also shown. C. ZC3H14 localizes to nuclear speckles in HeLa cells. ZC3H14 was detected with anti-ZC3H14 antibody (green) and nuclear speckles were labeled with anti-SC-35 antibody (red). Colocalization (yellow) is indicated in the merge panel. To assess whether ZC3H14 shows dynamics typical for nuclear speckle proteins, ZC3H14 was localized either prior to (-actinomycinD) or following (+actinomycinD) treatment with actinomycinD for 4 hr. As a control, the -actinomycinD sample was treated with DMSO, which is the solvent for actinomycinD. The merge image shows that nuclear ZC3H14 colocalizes (yellow) with nuclear speckles under all conditions examined.
